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ABSTRACT OF THE DISCLOSURE

An optical amplification medium doped with Er3* ions
1s selected from the group of a fluoride glass, a
chalcogenide glass, a telluride glass, a halide crystal,
and a lead oxide based glass. The Er3t jions are excited
by light of at least one wavelength in the range of 0.96
Mm to 0.98 Um. A laser or an optical amplifier includes
this optical amplification medium doped with Er3+ ions.
Furthermore, an optical amplification method performs an

optical amplification using the optical amplifier having

the optical amplification medium doped with Er3+ ions.
Thus, the laser to be applied in the field of optical
communication, the optical amplifier having the
characteristics of 1bW'noise and high gain, and the

optical amplification method can be provided.
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The present invention relates to lasers, optical
amplifiers with the properties of low noise and high gain,
and amplification methods.

In recent years, the development of an optical
amplifier, in which an optical fiber having a core doped
with a rare earth element is provided as an amplification
medium, has been worked on for the applications in the
field of optical communication. Particularly, an erbium
(Er®*) -doped fiber amplifier (EDFA) has been developed, and
10 also the development efforts are being made to increase

applications of the EDFA to an optical communication

system.

Recently, a wavelength division multiplexing (WDM)
technique has been studied extensively to cope with the
diversification of communication service to be expected in
coming years. The WDM technique is an optical communication
technique that uses a system of multiplexing wavelengths
for the sake of an effective use of available transmission
medium leading to enlarge a transmission volume. One of

20 the characteristics required to the EDFA applied in the WDM‘
technique 1is a small variation to an amplification galn
with respect to a signal wavelength. Because, there are
power differentials among optical signals which are
transitionally amplified by passing through a multi-stage
arrangement of the EDFAs, so that it is difficult to
perform the signal transmission with uniform

Characteristics maintained across all of the
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wavelengths being used. Presently, therefore, the EDFA
showing a flat gain region with respect to the
predetermined wavelengths has been investigated by persons
skilled 1n the art.

Attention is being given to an erbium (Er*')-doped
fluoride fiber amplifier (F-EDFA) as a most promising
candidate as the EDFA, in which a fluoride-based fiber is
used as a host of Er’*. The F-EDFA is characterized by its
emission spectrum caused by a transition from the %I;i3/;
level to the ‘I s/, level of Er’* ions in the fluoride glass
at a wavelength band of 1.55 pm.

Fig. 1 shows a typical amplitude spontaneous emission
(ASE) spectrum of the F-EDFA. This figure also shows the
ASE spectrum of an Ef“@doped silica glass fiber (S-EDFA).
As shown 1in the figure, the emission spectrum (a full line
in the figure) of the F-EDFA is broader than the emission
spectrum (a dashed line in the figure) of the S-EDFA. In
addition, the response curve of the F-EDFA is smoother than
that of the S-EDFA and is flat on top without any steep
portion depended on a wavelength in the predetermined
wavelength region (M. Yamada et al., IEEE Photon. Technol.
Lett., vol. 8, pp. 882-884, 1996). Furthermore, experiments
of wavelength division multiplexing have been carried out

using multi-staged F-EDFAs, for example a cascade

configuration with a 980 nm pumped S-EDFA and a 1480 nm
pumped F-EDFA (M. Yamada et al., IEEE Photon. Technol.
Lett., vol. 8, pp 620-622,1996).

In spite of the above development efforts, the F-
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EDFA has a problem that it cannot reduce a noise figure

(NF') as much as that observed in the S-EDFA because of the
following reasons.

Fig. 2 is an energy diagram of Er’*. A phonon energy
takes a value of the order of 1,100 cm ' when the EDFA uses
a silica optical fiber as an amplification medium (i.e., in
the case of the S-EDFA), so that a favorable population
inversion between the ®I,;,, level and the ‘I,;,, level can be
formed by an efficient excitation to the *I,;,, level as a
result of a phonon emitted relaxation from higher energy
levels to the 4113/2 level after exciting to the 4111/2 level
py 0.98 pym pump light (Fig. 2 (A)). Consequently, the S-
EDFA enables a reduction in the NF to about 4 dB, which is
close to a quantum limit (3 dB). On the other hand, the F-
EDFA cannot perform an excitation to the *I 5, level using a

transmission from the 4115/2 level to the 4111/2 level because

of 1ts low phonon energy. That is, the F-EDFA has a phonon

energy of about 500 cm™' which is almost half of the S§-

EDFA’"s phonon energy, so that it 1s difficult to cause a

phonon emitted relaxation from the “I;;,, level to the *I,;/,

level and to obtain an amplification gain by 0.98 pm pump

light. In this case, therefore, an amplification gain at a
wavelength of 1.55 um 1s obtained by directly exciting from
tﬁma4llw@ level tc>tima4IL”2 level using light at a pump

wavelength of about 1.48 pm (Fig. 2 (B)). However, this

kind of the excitation is an initial excitation of the

ground energy level to the higher energy level, so that
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1t 1s daifficult to make a favorable population inversion in
which the number of Er’' ions at higher energy levels exceed
those at lower energy levels, resulting in the high NF
(L.e., 6 to 7 dB).

Therefore, the conventional F-EDFA with favorable noise
characteristics has not been realized, compared with that

of the S-EFDA.

It 1s an object of the invention to solve the above

problem (i.e., high noise figure) associated with
10 conventional F-EDFA and to provide a laser, an optical

amplifier with the properties of low noise, and high and

flat gain, and an amplification method.

In a first aspect of the present invention, there is
provided an optical amplification method that uses an
optical amplification medium doped with Er’* ions,
comprising a step of exciting the Er** ions by light of at
least one wavelength in a range of 0.96 pm to 0.98 um,
where the optical amplification medium is selected from a
group of a fluoride glass, a chalcogenide glass, a

20 telluride glass, a halide crystal, and a lead oxide based
glass.

Here, the optical amplification medium may be in a
shape of a fiber.

In a second aspect of the present invention, there is

provided an optical amplifier having an optical

amplification medium doped with Er’* ions, wherein the

optical amplification medium is selected from a group of a
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fluoride glass, a chalcogenide glass, a telluride glass, a
halide crystal, and a lead oxide based glass, and the Er’t
ions 1s exclted by light of at least one wavelength in a

range of 0.96 pm to 0.98 pm.

The optical amplifier may further comprise:

a light source for an excitation to 4113/2 level.

In a third aspect of the present invention, there is
provided an optical amplification method that uses an
optical amplifier having: an optical amplification medium
doped with Er®** ions and selected from a group of a fluoride
glass, a chalcogenide glass, a telluride glass, a halide
crystal, and a lead oxide based glass; a light source for
exciting the Er® ions with an oscillation wavelength in a
range of 0.96 um to 0.98 pm; and a light source for an
excitation to 4I13/2 level, comprising steps of:

launching pump light, which is emitted in the same
direction as that of launching a signal light into the
optical amplification medium from the light source for
exciting the Er’* ions with an oscillation wavelength in a
range of 0.96 pym to 0.98 pm, into the optical amplification
medium; and

launching light, which is emitted in an opposite
direction of the pump light, from the light source for an

excitation to %h3mflevel into the optical amplification

medilum.
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Here, the optical amplification medium may be in a

shape of a fiber.

In a fourth aspect of the present invention, there is
provided an a laser having an optical amplification medium
doped with Er’* ions and a pump light source for an
excltation of the optical amplification medium and using an
induced emission of Er’* ions from *I,;, level to *Iis,
level, wherein

the pump light source includes at least a first light
source and a second light source, which emit light at
different wavelengths, and

the first light source is provided as a light source
for emitting light at a wavelength corresponding to an
energy difference between ®I,;,, level of the Er’* ions and an
energy level higher than the °I;5,, level.

Here, the first light source may be provided as a light
source for emitting light at a wavelength corresponding to

an energy difference between *I,;,, level and one energy

level selected from a group of *I;;,; level, Iy, level, “Fy,
level, and “S;,, level of the Er’' ions.

The second light source may be provided as a light
source for emitting light at a wavelength corresponding to
an energy difference between ‘I s, level and one energy
level selected from a group of ®I,;,, level and *Fy,, level of
the Er’* ions.

The laser may further comprise a third light source,

wherein
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the first light source is provided as a light source
for emitting light at a wavelength corresponding to an
energy difference between 4113/2 level and 483/2 level of
the Er3* ions;

the second light source is provided as a light
source for emitting light at a wavelength corresponding to

an energy difference between 4115/2 lLevel and 4I11/2 level

of the Er3+ ions: and

the third light source is provided as a light source
for emitting light at a wavelength corresponding to an
energy difference between 4115/2 level and 4113/2 level of
the Er3+ ijions.

The first light source may be provided as a light
source for emitting light at a wavelength of 0.82 Um to
0.88 Um; and

the second light source may be provided as a light
source for emitting light at a wavelength of 0.96 um to
0.98 uUm.

The optical amplification medium doped with Er3+ ions
may be selected from a group of a fluoride fiber doped
with Er3*+ ions, a chalcogenide fiber doped with Er3* ions,
a telluride fiber doped with Er3* ions, and a halide
crystal doped with Er3+ ions. '

In a fifth aspect of the present invention, there is
provided an optical amplifier at least comprising:

an optical amplification medium doped with Er3+ ions;

means for inducing and isolating signal light at a

wavelength of 1.5 Um into the optical amplification



CA 02207051 1997-06-03

medium;: and

a pump light source for an excitation of the optical
amplification medium, whereiln

the pump light source includes at least a first
1light source and a second light source, which emit light
at different wavelengths, and

the first light source is provided as a light source
for emitting light at a wavelength corresponding to an
energy difference between 41713/9 level of the Er3* ions

10 and an energy level higher than the 4113/2 level.

Here, the first light source may be provided as a
light source for emitting light at a wavelength
corresponding to an energy difference between 4I13ﬂ32umniL
and one energy level selected from a group of 4111ﬂ2

level, 4Ig9/2 level, 4Fg,/2 level, and 4S3,2 level of the

Er3+ jions.

The second light source may be provided as a light

source for emitting light at a wavelength corresponding to
an energy difference between 4115/2 level and one energy
20 level selected from a group of 4T11,2 level and 4Fg,2 level

of the Er3t ions.

The optical amplifier may further comprise a third

light source, whereiln

the first light source is provided as a light source
for emitting light at a wavelength corresponding to an
energy difference between 4113/2 level and 483/2 level otf

the Er3t ions;

the second light source is provided as a light
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source for emitting light at a wavelength corresponding to
an energy difference between ‘I s, level and *I,;,, level of
the Er’* ions; and

the third light source is provided as a light source
for emitting light at a wavelength corresponding to an
energy difference between “I,5,;, level and *I,,,, level of the

Er’* ions.

The first light source may be provided as a light

source for emitting light at a wavelength of 0.82 um to

10 0.88 uym; and

the second light source may be provided as a light

source for emitting light at a wavelength of 0.96 um to
0.98 um.

The second light source may be provided as a light
source for emitting light at a wavelength corresponding to

an energy difference between “I5;, level and “I,;,, level of

the Er’' ions.

The optical amplification medium doped with Er’* ions

may be selected from a group of a fluoride fiber doped with

20 Er’* ions, a chalcogenide fiber doped with Er’* ions, a

telluride fiber doped with Er’" ions, and a halide crystal

doped with Er’* ions.

In a sixth aspect of the present invention, there is
provided an optical amplifier that uses Er’* ions as
amplification active elements, comprising:

means for launching at least one light at a wavelength
corresponding to an energy difference between ‘I ¢, level

and “I,,;, level of the Er’* ions, at least
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one light at a wavelength corresponding to an energy
difference between °I,;;, level and an energy level higher
than the *I,,;,, level of the Er’* ions, and at least one 1light

to be amplified by an induced emission transition from I, ,

level to “Ii;;, level into an amplification medium doped with

the Er’* ions from same direction.

Preferably, the light at a wavelength different from
the signal light and corresponding to an energy difference
between “I,;,, level and %I,;,, level of the Er?" ions may be

10 launched into the optical amplification medium from a
direction different from the same direction.

In a seventh aspect of the present invention, there is
provided an optical amplification method that uses Er>*
1ons as amplification active elements, comprising a step of
launching light at a wavelength corresponding to an energy
difference between “I,s5;, level and *I,;,, level of the Er’*
1ons, light at a wavelength corresponding to an energy
difference between °S;,, level and *I,;,, level of the Er?*
1ons, and light to be amplified by an induced emission

20 transition from *I,;,, level to *I,s,, level into an
amplification medium doped with the Er’* ions from same
direction.

Here, the light at a wavelength different from the
signal light and corresponding to an energy difference
between “I;;,, level and *I,s;; level of the Er’* ions may be
launched 1nto the optical amplification medium from a
direction different from the same direction.

In an eighth aspect of the present invention, there
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1s provided an optical amplification method that uses Er3*
1ons as amplification active elements, comprising a step of
launching light at a wavelength of 0.82 um to 0.88 pam,

P

light at a wavelength of 0.96 pm to 0.98 pm, and light to

pe amplified by an induced emission transition from *T13/2

level to “I s, level into an amplification medium doped with
the Er’" ions from same direction.

Fig. 1 is a typical amplitude spontaneous emission
(ASE) spectrum of the F-EDFA:

Fig. 2 is an energy diagram of Er’* for the conventional
S-EDFA (A) and the conventional F-EDFA (B) ;

Fi1g. 3 1s a graphical representation of the
relationship between the wavelengths and the absorption or
emission Ccross section with respect to the energy state
between the 9h5ﬂ,level and ?Luﬁglevel;

Fig. 4 is an energy diagram of Er’* for the F-EDFA of
the present invention;

Fig. 5 1s a schematic block diagram of an optical

amplifier using a Er’’ -doped ZrF,-based fluoride fiber

1n accordance with the present invention;

Fig. 6 1s a graphical representation of the
relationship between the pump wavelengths and the signal
gains with respect to the optical amplifier using the Er’* -

doped ZrF4-based fluoride fiber of Fig. 5;

Fig. 7 1s a schematic block diagram of an optical
amplifier as one of the preferred embodiments of the

present invention;
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Fig. 8 1s an energy diagram of Er’* to be applied in the
lasers and the optical amplifiers of the present 1invention,
where (A), (B), (C), and (D) show different excitation ways
of the Er’*;

Fig. 9 is a schematic block diagram of an optical
amplifier as one of the preferred embodiments of the
present invention; \

Fig. 10 is a schematic block diagram of a laser as one
0of the preferred embodiments of the present 1nvention;

Fig. 11 is a schematic block diagram of a laser as one
of the preferred embodiments of the present invention:;

Fig. 12 is a schematic block diagram of an optical
amplifier as one of the preferred embodiments of the
present invention;

Fig. 13 is a graphical representation of the
relationship between the pump wavelengths and the
exXcltation densities of the 4qu level.

Fig. 14 is a graphical representation of the
relationship between the wavelengths and the absorption or
emlssion cross section with respect to the energy state

between the 483/2 level and 4I13/2 level;

Fig. 15 is a perspective diagram of a main portion of

an optical amplifier in the type of an optical waveguide as

one of the preferred embodiments of the present invention;

and

Fig. 16 is an energy diagram of Er** with consideration

given to the mutual interactions among the Er®* ions.

...12....
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Each laser, optical amplifier, and amplification method
of the present invention is mainly characterized by
employing at least one pump light at a wavelength in the

range of 0.96 pm to 0.98 pm for the excitation of Er* from

the ground level to the ®I;;,, level because of the following

reasolls.

Fig. 3 1s a graph representing the relationship between
the pump wavelengths and the cross-sectional areas (in the
figure, a full line shows an absorption cross section and a
dashed line shows an induced emission cross section) with
respect to an energy state between the I, level to *I,;,,
level. In the wavelength region of over about 980 um, as
shown in the figure, the induced emission cross-section
area (dashed line) becomes greater than the absorption

cross section area (full line). Therefore an induced
emission transition from the “I,;,, level to the ‘I, level
tends to occur more strongly compared with an absorption
transition from the ?hﬁﬁflevel to the fLuﬁzlevel 1n that
wavelength region, so that the excitation to the *I,;,, level
cannot occur effectively. Alternatively, as clearly shown
in the figure, the excitation to the I ;,, level can

effectively occur by pumping at a wavelength shorter than

980 pm. In this case, on the other hand, the pump ESA
(Excited State Absorption) from the *I,;,;, level to the *F,,,
level 1s more likely to take place. As shown in Fig. 4,

however, the excitation to the ?hjuglevel can be eventually

attailned because of the step of relaxing from the
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‘Fi,2 level to the *I;3,, level.

(Embodiment 1)

Referring now to Fig. 5, there is shown a basic
configuration of an optical amplifier having an Er**-doped

zrFg-based fluoride fiber as one of the preferred

embodiments of the present invention. For a more detailed
explanation, an excitation spectrum (the pump wavelength
dependency of the signal gain) on the above fiber is shown
in Fig. 6.

The optical amplifier comprises two optical isolators

1, 2, a pump light source 3, and an Er**-doped ZrFj-based

fluoride fiber 4 sandwiched between the optical isolators
1, 2. 1In this embodiment, the fiber 4 is 25 pm 1n length
with the cut-off wavelength of 1 m, and also a dopling
concentration of Er** in its core is 200 ppm. In this
empodiment, furthermore, a signal wavelength is 1530 nm, an
input signal power is -30 dBm, and a pump light power is 60
mw .

Depending on the above configuration of the optical
amplifier, the maximum gain can be obtained at 3 pump
wavelength of 970 nm. As shown in Fig. 6, however, a
negative gain is observed at a pump wavelength of 980 nm.

This wavelength is conventionally used for exciting Er3* to

the %I;1/, level, and thus we recognize that we cannot obtain
the gain at the pump wavelength of 980 nm. Therefore, any
wavelength in the range of 960 nm to 980 nm, preferably in

proximity to 970 nm is effective to obtain 3 gain by

_14_
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exciting Er’* to the *I;;,, level.

Then the amplification characteristics of the above

fiber 4 1s investigated by a forward excitation using pump

light at a wavelength of 970 nm (i.e., the pump light is
launched into the fiber 4 from the upstream side of the
fiber 4 by the light source 3). In this case, the 1nput
signal power launched into the fiber 4 is -30 dBm. When the
pump light power 1is 132 mW, an obtained gain at a
wavelength of 1.53 pm 1s 30 dB and a noise figure (NF) is
4.5 dB. Also, the NF is 3.5 dB when the wavelength is 1.55
pm. When the above fiber 4 is excited by an pump light with

the wavelength of 1.48 gm, an improvement degree of the NF

1s 1.5 pm or over with reference to the NF at 1.55 pum of 5

dB or over. In addition, we confirmed that the NF was
improved (decreased) when the wavelength of the pump light
was within the range of 960 nm to 980 nm, compared with
that of exciting at 1.48 pm. Furthermore, the NF is
1mproved by the excitation using two or more wavelengths in
the range of 960 nm to 980 nm.

(Embodiment 2)

The same optical amplifier as that of Embodiment 1 is
used 1n this embodiment to measure the NF by introducing WM

signals at eight different wavelengths in the range of 1530

to 1560 nm. The 1nput signal power launched into the
optical amplifier is -20 dBm per one wavelength. When the
excitation 1s performed with a total pump light power of

150 mW using the pump wavelength of
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970 nm, the observed NF 1s 5 dB or less by introducing the

WDM signals at the wavelengths in the range of 1530 to

1560 nm.

(Embodiment 3)
In this Embodiment, the amplification

characteristics of an optical amplifier are estimated
using the same WDM signals as those of Embodiment 2 except
what follows. In this Embodiment, an optical amplifier
1s the same one as that of Embodiment 1 or 2 except that a
bi-directional pump method is used for launching different
pump light into the fiber 4. The method comprises the
steps of applying pump light at wavelengths in the range
of 960 to 980 nm from the front (1.e., the upstream side
of the fiber 4 in the same direction as that of the signal

light) and simultaneously applying pump light at a

wavelength of 1480 nm from the rear (1.e., the downstream
side of the fiber 4).

Fig. 7 shows a configuration of the optical
amplifier. Comparing with a configuration of the optical
amplifier shown in Fig. 5, an additional light source 5
for the excitation to ther4113/2 level 1s further
installed in the optical amplifier and positioned at the
downstream side of the Er3*+-doped fluoride fiber 4. The
pump light power for the front is 50 mW, while the pump
light power for the rear is in the range of 100 mW to 150
mW. In addition, the optical amplifier shows the NF of 5

dB or less for the wavelengths of 1530 nm to 1560 nm,
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allowing the gain excursion of 2 dB or less for the signal

waveliength.

(Embodiment 4)

In each of Embodiments 1 to 3 described above, the
amplification characteristics of the optical amplifier
using the Er3+-doped ZrFs-based fluoride fiber as its
amplification medium are evaluated. In this Embodiment,

an amplification medium as a host of Er3+ is selected from

the group of an InF3-based fluoride fiber, a chalcogenide
glass~-based fiber, a TeO2-based fiber, and a PbO-based
fiber, instead of the ZrF4-based fluoride fiber to prepare
an optical amplifier. Then the optical amplifier having
any one of the above fibers is subjected to the same
experiments as those of Embodiments 1 to 3 to evaluate its
amplification charaCteristics. As a result, the optical
amplifier having any one of the fibers listed above as the
amplification medium shows the NF of 5 dBR or less.
Consequently, as explained above, Embodiments 1 to 4
allow the amplification of 1.55 um band by the excitation
to the 24I11/2 level which enables them to achieve a low noise
amplification whether an infrared-transparent fiber such
as a fluoride one (which is regarded as an improper medium
by persons skilled in the art) is used as a host of Er3+.
Hence, the optical amplifier having the characteristics of
a flat gain with a wide amplification bandwidth and a low
noise 1s obtained. The optical amplifier thus obtained can

be applied in a communication system to increase a
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transmission volume thereof and to provide a
diversification of the system configuration to achieve the
wide dispersion of an optical communication, the

substantial reduction in a manufacturing cost thereof, and

SO on.

(Embodiment 5)

An optical amplifier of the present embodiment is
constructed so as to introduce at least one light as a
third light corresponding to a difference between the *I,;,,
level and the upper level into the Er’*-doped fiber in
addition of the pump light and the signal light.

Energy levels of Er’" ions to be applied on the present
embodiment will be described in detail with reference to
Fig. 8. In this figure, (A) to (D) are illustrated for the
purpose of explalning the different excitation ways of the
Er’* ions to the different energy levels. As shown in the
figure, a pump excited state absorption (pump ESA) of the
pump light by the transition from the ?him;level to the 4ng
level occurs when the Er°' ions are excited by the 0.98 um
pump light, resulting in the excitation to the ‘F,,, level.
Then a phonon emitted relaxation from the *F,,, level to the
*S3/, level occurs. It means that a part of the Er’* ions is
pumped to the *S;,, level. If an induced emission from the
*S3/, level to the *I,5,, level occurs by launching the 1light
corresponding to the energy difference between the *S;,,

level and the I3, level at a
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wavelengéh of 0.85 pm into the amplifier, a population
density of the ?S;,; level can be reduced while a density of
exclted state of the fhjm:level can be i1ncreased.
Consequently, as shown in Fig. 8 (A), a gain efficiency of
the optical amplifier can be improved as a result of
increasing the density of inverted population in which the
number of the Er®" ions at the 4113/2 level (i1.e., the higher
energy level) exceed those at the %him;level (L.e., the
lower energy level). Energy levels to be excited by the
pump ESA 1ncludes not only the 4qu level but also the 4qu
level and the 4qu level as shown in Fig. 8 (C) and (B),
respectively. In addition, the °I;;/, level to be directly
exclted at a wavelength of 0.98 pm has a large excited
state density as shown in Fig. 8 (D). Therefore, an excited
state density of the fhlm:level can be 1ncreased by
launching the light having the energy difference between
the "I 3/, level and the'Is;; , Fo/z , or %I, level at a
wavelength of 1.65, 1.16, or 2.7 pm, respectively, just as
in the case of launching the light at a wavelength of

0.85 pm into the fiber. In accordance with the present
empbodiment, therefore, the 0.98 pm pump light which is
generally used in the conventional S-EDFA to attain a
favorable amplification gain may be applied in the F-EDFA
1n order to realize lower noise amplification and higher
amplification gain of the F-EDFA, compared with those of

the conventional F-EDFA.
Fig. 9 is a block diagram to illustrate the

construction of an optical amplifier of the present

- 19 -
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Embodiment. In the figure, reference numerals 11 and 12
denote pump light sources, 13 and 14 denote optical
couplers, 15 denotes an optical fiber doped with Er3+, and
16 1s an optical isolator. In addition, the arrows in the
diagram indicate the direction of an input and an output
of the signal, respectively. That is, an output of the
signal (laser oscillation) is in the direction of the

g

ArTrOws. In this Embodiment, a semiconductor laser of 0.98

HUm oscillation is used as the optical source 11, while a
semiconductor laser of 0.85 um oscillation is used as the
optical source 12. Pump light from the light source 11
and pump light from the light source 12 are coupled
together by the optical coupler 13. Then the coupled pump

light from the optical coupler 13 is further coupled to an

- 1nput signal in the direction of the arrow A by the

optical coupler 14. Then output light from the optical
coupler 14 is launched into the Er3+-doped optical
amplification fiber 15 of 10 m in length having a glass
composition of 4rF4-BaFo-LaF3-YF3-AlF3-PbFy~LiF-HfF,. In
this embodiment, the fiber 15 also has a core of 2.5 Um in
diameter being doped with 1,000 ppm Er3+ and a cut-off
wavelength of 1 um. A gain of 5 dB is obtained at a
wavelength of 1.55 Um when 200 mW power pump light at a
wavelength of 0.98 um is only launched into the amplifier.
In addition, a gain of 30 dB is obtained at a wavelength
Oof 1.55 HUm when 50 mW power pump light at a wavelength of
0.85 Um 1s only launched into the amplifier. In this

case, the amplifier is further subjected to the NF
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measurement and it results in the NF of 4 dB.
A NF value of the optical amplifier using the Er’**-doped
fluoride fiber of the present embodiment by the pump light
at a wavelength of 1.48 ym is measured and it results in
the NF of 6 dB when the gain is 30 dB at a wavelength of
1.55 pm. Using the Er’" -doped fluoride fiber of the present
empodiment to obtain a value of the NF by an excitation at '
1.48 pm wavelength, the NF of 6 dB is obtained when the
gain 1is 30 dB at a wavelength of 1.55 pm. Consequently, the
present embodiment attains the high gain of 30 dB which

~cannot be attained by the conventional optical amplifier

with the excitation at‘a wavelength of 0.98 um. In
addition, the present embodiment attains about 2 dB
reduction in the NF compared with that obtained by the
excltation at a wavelength of 1.48 pm, so that the 0.97 um
pump Er** -doped fluoride fiber amplifier of the present
embodiment shows substantially the same NF value as that
obtained by the 0.98 pym pump S-EDFA.

(Embodiment o)

In Embodiment 5, the incident light at a wavelength of
0.85 pm is used as one corresponding to the transition from
the 483/2 level to the 4113/2 level. In this embodiment, on
the other hand, light at a wavelength of 2.7 Hm as one
corresponding to the transition from the fhlu;level to the
4Ilyg level is launched from a YAG laser 12 into the
amplifier for the purpose of increasing a population of the

411yg level by directly decreasing a
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population of the %I;;,, level excited at a wavelength of

) 0.98 pm as a result of an induced emission caused by the
transition from the 4111/2 level to the 4113/2 level. In this
case, comparing with those of only the 0.98 pm pump light,
an 1ncrease 1n the gain at a wavelength of 1.55 um and a
decrease in the NF are observed. Besides, the amplification '
characteristics of the amplifier can be improved by
launching light at a wavelength of 1.16 ym into the fiber
by means of a semiconductor laser as light source 12.

10 (Embodiment 7)

In this embodiment, a light at a wavelength of 1.65 pm

from a light source (i.e., a semiconductor laser) 12 is

used as one corresponding to the transition from the %Iy,

level to the fhgm:level. In this case, comparing with those
of only the 0.98 pm excitation, an increase in the gain at
a wavelength of 1.55 pm and a decrease in the NF are
observed.
In Embodiment 6 and Embodiment 7, as described above,
the light source 12 emits the incident light at a '
20 wavelength of 0.85, 2.7, 1.16, or 1.65 pm. It is noted that

there 1s a width of the transition energy from the4S3/2, 419/2

, or‘ﬁqLQ level to the fhjm:level. Thus, the incident light

in the energy width launched from the light source 12 can

be effective.

The available light source 12 may be not only
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selected from semiconductor lasers and solid state lasers
such as an Er:YAG laser but also selected from fiber lasers

such as an Er°'-doped fluoride fiber laser as a light source

of emitting light at a wavelength of 2.7 pm.
In addition to the above three energy levels °S;,,, %I,
and fhiﬁ“ there are other energy levels (not shown) higher

than the *I,;;, level. Thus, it is possible to improve the

amplification characteristics of the amplifier by incident

light having an energy corresponding to the energy
difference between the higher energy level and the *I,;,,
level.

Furthermore, the light for the transition from the
higher energy level to the *I 5, level is not limited to one

type. A plurality of light beams at different wavelengths
may be launched into the amplifier simultaneously with the
pump light. The pump light may be responsible for the
direct excitation to an energy level higher than the *Iy,
level, for example the direct excitation from the %Iy, level
to the *S;,, level.

(Embodiment 8)

In Embodiments 5 to 7 described above, the Er** doped

ZrFy4-based fluoride fiber is used as the amplification

medium. It is also known that a gain of at a wavelength of

1.55 pym 1s hardly obtainable when the 0.98 pym pump (the

excitation to the °I,;,; level) is applied in an amplifier

where one of an Er’'-doped ZrF4-AlF, based fluoride fiber,

an Er’* -doped InF3 based fiber, an Er’*-doped chalcogenide
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glass fiber, and an Er3*-doped telluride glass fiber is
provided as the amplification medium. In this embodiment,
therefore, an effective use of any one of those
amplification media in which a material with a low phonon
energy 1s used as a host can be attained in accordance
with the present invention.

Also, an excitation to an energy level higher than
the 4I11,5 is not limited to the 0.98 Um pump. This
excitation can be also attained by the 0.8 Um pump (the
excitation to the14F@/2 level). In this case, an increase
in the gain at a wavelength of 1.55 Um and a decrease in
the NF are obtained by launching the 0.8 Um pump light
into the fiber simultaneously with additional incident
light (i.e., light at a wavelength of 0.8 Mm) having an
energy corresponding to the transition from an energy

level higher than the 4113/2 level to the 4113/2 level.

(Embodiment 9)

Fig. 10 is a schematic block diagram of a laser as
one of the preferred embodiments of the present invention.
In the figure, reference numerals 11 and 12 denote light
sources, 13 denotes an optical coupler, 17 and 17' denote
resonance mirrors, and 18 denotes a crystal as an
amplification medium. In addition, an arrow indicates the
direction of a signal output. A crystal to be used as the
amplification medium is one of Er3+-doped halide crystals
such as LaF3, BaF2, LaCl3, and YF3. 1In this embodiment.

the characteristics of 1.5 Um amplification and laser
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oscillation of the laser using the halide crystal are
investigated. As a result, an increase in the galn and an
1ncrease in the efficiency of laser oscillation are

obtained when the light for the induced emission from an
higher energy level to the ®Ii;,, level is launched in the

fiber simultaneously with pump light at the wavelengths of
0.8 and 0.98 pm.

(Embodiment 10)

Fig. 11 is a schematic block diagram of a laser as

another preferred embodiment of the present invention. In

the figure, reference numerals 11 and 12 denote light

sources, 13 denotes an optical coupler, 15 denotes an Ex3*

doped optical fiber 15 for the amplification, and 17 and

17" denote resonance mirrors. In addition, an arrow

indicates the direction of an output (laser oscillation).
The Er’*-doped optical fiber is prepared so as to include a

glass composition of ZrFg-BaFj-LaF3-YF3-AlF3-PbFy-LiF-HfFy

and 1s 1ncorporated in the laser shown in Fig. 11,

resulting in a laser oscillation at a wavelength of 1.5 um.

In this embodiment, light sources of 0.98 and 0.85 um

wavelengths were used as the pump light sources 11, 12.

When a pass of light from the light source of 0.85 um
wavelength 1s blocked, the strength of the laser
osclllation 1s remarkably decreased.

(Embodiment 11)

Fig. 12 1s a schematic block diagram of a laser as
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another preferred embodiment of the present invention. TIn
the figure, a reference numeral 11 denotes a light source
consisting of a semiconductor laser of 0.98 bl
oscillation, 12 denotes a light source consisting of a
semiconductor laser of 0.85 Um oscillation, 13, 14 and 14
denote optical couplers, and 15 denotes an Er3+-doped
optical amplifier for the amplification.

After coupling the pump light from the Light sources
11 and 12 together by the optical coupler 13, output pump
1ight produced from the optical coupler 13 is coupled to
an incident signal light provided from the direction
indicated by an arrow A in the figure by the optical
coupler 14. Furthermore, the pump light from the light
source 19 i1s launched into the Er3+-doped optical fiber 15
through the optical coupler 14°'.

The Er3+-doped optical fiber 15 provided as an
amplification medium in the present embodiment is prepared
sO as to have the same glass composition as that of
Embodiment 10, i.e., ZrF4-BaF2-LaF3-YF3-AlF3-PbFy-LiF-HfFy.
In addition, the fiber 15 is of an Er3+-doped
concentration of 1,000 ppm, a length of 10 m, a high
relative refractive-index difference of 2.5 %, and a cut-
off wavelength of 1 um. When the pump light at a
wavelength of 0.98 Um is only launched into the fiber for
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1.48 pm 1s launched into the fiber in addition to the pump
light of 0.85 um wavelength, the gain at a wavelength of

1.55 pym 1s 40 dB. In this case, a measured value of the NF
of the amplifier is 3.8 dB.

Furthermore, the NF of the amplifier comprising the
Exr’'-doped optical fiber of the present embodiment is also
measured by an excitation at a wavelength of 1.48 pm. The

NF of 6 dB 1s obtained when the gain at a wavelength of

1.55> ym 1s 40 dB. Consequently, a configuration of the
amplifier of the present embodiment enables it to provide
an amplifier having an excellent gain of 40 dB which has
not been attained by the 0.98 pm pump conventional

amplifier, together with a decrease in the NF, i.e., 2 dB

or less dropped from that of the 1.48 pm pump. We confirm
that the NF of the amplifier of the present Embodiment is

substantially the same level as that of the 0.98 pm pump S-
EDFA.

(Embodiment 12)

In Embodiment 11, the light of 0.85 pm wavelength is
used as the light corresponding to the transition from the
*S3/2 level to the “I,5,, level. In this embodiment, on the
other hand, the light corresponding to the transition from
the “I,;;, level to the ‘I3, level is launched into the fiber
from the light source 12 (i.e., an Er:YAG laser of 2.7 um
oscillation 1is used as the light source). In this case, an

H

1ncrease 1n the gain at a wavelength of 1.55 pum and a

decrease 1n the NF of the amplifier are observed.
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The amplification characteristics of the amplifier is
also improved by launching the incident light at a
wavelength of 1.16 pm into the amplification medium from a
semlconductor being provided as the light source 12.

(Embodiment 13)
In Embodiment 11, light at a wavelength of 0.85 pm

corresponding to the transition from the %S;,, level to the
“I11/2 level is launched into the amplifier. In Embodiment
12, furthermore, light corresponding to the transition from
the 4111/2 level to the 4113/2 level 1s launched into the
amplifier from the light source 12. In the present
embodiment, on the other hand, light at a wavelength of
1.65 pm corresponding to the transition from the ‘I9/, level

tx>tjma411yq level is launched into the amplifier from the
light source 12 (semiconductor laser). In this case, an
increase in the gain at a wavelength of 1.55 pm and a
decrease in the NF are observed, compared with those of the
0.98 pm excitation by itself.

In Embodiments 11 to 13 as described above, the light
source 12 emits the incident light at a wavelength of 0.85,
2.7, 1.16, or 1.65 um. It is noted that there is a width of
the transition energy from the %S;/y, *Ig/n, or *Fes, or *Iiis,
level to the fhjuglevel. Thus, the incident light in the

energy width launched from the light source 12 can be

effective.

AN
\

The available light source 12 may be not only selected

from semiconductor lasers and solid state lasers

- 28 -~
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such as an Er:YAG laser but also selected from fiber lasers
such as an Er’’-doped fluoride fiber laser as a light source
of emitting a light a wavelength of 2.7 pm.

In addition to the above three energy levels: 4Sm@,
*Is/2, and %I11/2, there are other energy levels (not shown)
higher than the fh3mglevel. Thus, 1t 1s possible to improve
the amplification characteristics of the amplifier by
incident light having an energy corresponding to the energy
difference between the higher energy level and the ?Lnﬂg

10 level.

Furthermore, the number of lights for the transition
from the higher energy level to the 4I13/2 level 1s not
limited to one type. A plurality of lights at different
wavelengths may be launched into the amplifier
simultaneously with the pump light. The pump light may be
for the direct excitation to an energy level higher than
the 4IWQ level, for example the 4qu level and the 4Sy@
level.

(Embodiment 14)

20 In the present embodiment, as shown in Fig. 9, an
optical amplifier having two light sources 11 and 12 is
prepared, where the light source 11 is a semiconductor
laser that oscillates at a wavelength of 0.97 pm and the
light source 12 is a semiconductor laser that oscillates at
a wavelength of 0.855 pm. After coupling pump light from
the light sources 11 and 12 by an optical coupler 13,
output pump light from the coupler 13 passes through
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another optical coupler 14 where it is further coupled to
incident signal light provided from an optical isolator
(not shown) 1in the direction indicated by an arrow A in the
figure. Then output pump light from the optical coupler 14
is launched into an Er’**-doped optical fiber 15 for the
amplification of the pump light.

The above Er’" -doped optical fiber 15 has a glass
composition of ZrF4-BaF3-LaF3-YF3-AlF3-PbFo-LiF-NaF-HfF4
and its core is doped with Er’* in an amount equal to 1,000

10 ppm. In addition, the fiber 10 is prepared as one having a
length of 10 m, a difference in refractive indexes between
the core portion and the cladding portion of 2.5 %, and a
cut-off wavelength of 1 pm. In this embodiment,
furthermore, a gain of 40 dB can be attained when
additional light at a wavelength of 0.855 pm with a power
0f 10 mW is simultaneously launched into the fiber in
addition to the 0.97 pm pump light. At this time, a NF of
3.8 dB is obtained.

The amplifier system of the present embodiment uses the

20 process of exciting to the ?hgm:level including the steps
of: a two-stage excitation in which the 4115/2 level is
exclted to the 4111/2 level and then the 4111/2 level 1is
excited to the *Fy,, level; and an induced transition from

the 483/2 level to the 4113/2 level. Therefore appropriate

pump wavelengths should be selected for effectively

performing the above two-stage excitation to attain the

excitation to the fhgm¢level.

Fig. 13 shows the changes in an excitation density
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of the 4éyq by shifting the pump wavelength. The results
shown i1in the figure are obtained by the changes in an
emlitting strength of the amplifier at the transition from
the 483/2 level to the 4113/2 level. As shown 1in Fig. 13, the
Er**-doped fluoride fiber can be excited effectively to the
'S3/, level at a pump wavelength in the range of 960 nm to
980 nm, and especially a high efficient excitation to the

‘S3,, level can be attained at a pump wavelength of

approximately 969 nm.

For the light responsible for an induced emission from
tjma4S&Q level to the fhjm;level, a pump wavelength thereof
may be selected from 0.82 pm to 0.88 pm because of an
emlitted cross section of the transition from.the:48@q level
tx>tjme411yg4level 1n existence as shown Fig. 14. In the
wavelength region of 0.84 pm to 0.88 pm, the induced
emission Cross section is greater than the absorption cross
section, so that it is possible to attain an induced
emlission frorﬁ the 483/2 level to the 4113/2 level with
efficiency using the light at a wavelength in the above
region.

(Embodiment 15)

In this embodiment, as shown in Fig. 12, an Er>*-doped
fluoride fiber amplifier (F-EDFA) is prepared by installing
a third light source 19 in addition to the light sources
11, 12 used in the F-EDFA of Embodiment 5 (see Fig. 9). In

addition, an additional optical coupler 14° is installed

1instead of the optical isolator 16 so as
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to be coﬁnected to the third light source 19. Thus another
pumping light can be launched in the Er’*-doped fiber 15
through the optical coupler 14' in the downstream part of
the F-EDFA. In this embodiment, furthermore, the light at a
pump wavelength of 1.48 pym is used. Therefore, the F-EDFA
of the present embodiment is configured to incorporate an
additional excitation at a wavelength of 1.48 pym for
performing a direct excitation to the fh&m;level to attain
a low noise figure (NF) and a high-output whether a large
signal 1s launched into the F-EDFA.

In the case of using an Er’*-doped silica fiber, an
amplifier (i.e., an Er’*-doped silica fiber ampllifier: S-
EDFA) having the properties of producing a high-output and
a low noise figure (NF) can be constructed by incorporating
the means of launching a pump light at a wavelength of 0.98
um from the upstream to the fiber and the means of
launching pump light at a wavelength of 1.48 um from the

downstream to the fiber. In the case of using the Er’*-doped

fluoride fiber, on the other hand, two different pump light
peams at wavelengths of 0.97 and 0.855 um are
simultaneously launched in the fiber so as to avoid a
serious degradation of an efficiency of exclting to the
4Ily@ level to be caused by launching only the pump light at
a wavelength of 0.97 pm into the fiber.

An amplification gain of 15 dB or more and a NF of 5 dR

Or less are obtained at a wavelength in the above

wavelength region by performing the excitation when a pump

power of the 0.97 pm pump light launched into the fiber is
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100 mW and a pump power of the 0.85 pm pump light launched
1nto the fiber 1s 20 mW. The signal light input is
performed through an optical amplifier (not shown in Fig.
12) .

Therefore, the excitation method in accordance with the
present embodliment 1mproves the amplification

characteristics of the F-EDFA, so that it i1is effective to

construct an amplifier having the properties of producing a
high-output with a low noise.

(Embodiment 16)

Fig. 15 1s a perspective diagram of a main constructed
portion of an optical amplifier in the type of an optical
waveguide 1n accordance with the present invention. In the
figure, a reference numeral 110 denotes a core portion, 111
denotes a cladding portion, and 112 denotes a substrate
portion. In this embodiment, the core and cladding portions
are made of a fluoride glass. In addition, the core portion
110 is doped with 10 % by 20 weight of Er’'.

In this embodiment, composite light consisting of the

light at a wavelength of 1.48 pm and the light at a

wavelength of 0.86 pm 1s launched into the core portion
110.

If the Er’'-doped concentration in the core portion 110
is increased, an energy movement in the Er’' ions is caused
by electric dipole 1nteractions among them as a result of a

decrease in the distance among the Er’* ions
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1n the fluoride glass proportionate to the above increase.

Fig. 16 shows energy levels of Er’" , for illustrating

excitation states of the Er’* in consideration of
interactions among the Er’" ions. If the pump light at a
wavelength of 1.48 pm is launched into the core portion for
the excitation to the “I,;,, level, a cooperative up-
conversion occurs by the transition from the *I,5;, level to
the "I;s;, level and the excitation from the *I,;,, level to
the “I,,, level. After the excitation to the I3/, level, a
relaxation from the °I,,, level to the °I,,;,, level occurs by
a multiple phonon emission, resulting in the excitation to
the “I,;/; level. Then, an excited state density of the *T11/2
level 1s increased and subsequently a cooperative up-
conversion occurs by the transition from the *I;;,, level to
the “I,s;, level and the excitation from the %I,,,, level to
the *F,,, level, resulting in the excitation to the *F,,,
level. Finally, the excitation to the energy levels such
as “S;/, and °‘F,,,, which are not directly excited by the pump
light at a wavelength of 1.48 um, can be attained.
Consequently, an efficiency of the excitation to the 5h3ﬁ3
level 1s decreased, so that the possibility of causing an
optical amplification at a wavelength of 1.55 um
substantially disappears. In accordance with the present
embodiment, the amplifier is constructed so as to increase
the excited state density of the *I;;,, level by causing an
1nduced emission from.thea48”g level to the ?Llﬁzlevel. As a

consequence, an amplification gain of
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30 dB 1s obtained at a wavelength of 1.55 pum when the 1.48

nm pump power 1s 150 mW and the 0.86 pm pump power 1is
20 mW. If the 1.48 pm pumping power is used, an appropriate

amplification gain cannot be obtained. Thus an incident

light at a wavelength of 0.86 um shows a significant effect

on the amplification efficiency.

In this embodiment, furthermore, the light that causes
an induced emission from the %S;,, level to the ®I 5, is
launched 1n the amplifier. As described above, the enerqgy
levels of*Fg,, , “Is, , and *I,,,, are also excited, so that an
1mprovement in the amplification efficiency is attained by

launching the light that causes an induced emission from

any of those energy levels to the Iy, level into the
amplifier in addition to the incident pumping light at a
wavelength of 1.48 um.

(Embodiment 17)

An amplifier in the type of an optical waveguide has
the same configuration as that of Embodiment 16 as shown in
Fig. 15 except as follows. That is, the core and cladding
portions are made of a telluride glass. In addition, the
core portion is doped with 20 % by weight of Exr’*'. Then,
operating characteristics of the amplifier having the above
structure are studied and the following results are
obtained. In the case of using a telluride glass as a
material of the optical waveguide, the energy levels of

483/2, 4F9/2, 419/2, 4I11/2, and the like are excited through the

interactions among the Exr’* ions when
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the Er3+ concentration is high. Therefore, the excitation
to the 4113/2 level can be effectively performed as a
result of the induced emission from any of those energy
levels to the 4113/2 level by launching the light
corresponding to the former level into the amplifier. In
this embodiment, light at a wavelength of 0.875 um is
launched simultaneously with the 1.48 Um pump light. As a
consequence, an amplification gain of 30 dB is obtained at
a wavelength of 1.55 Uum when the 1.48 Um pump power is 150
mW and the 0.875 Um pump power is 20 mW. If the 1.48 um
pump power 1s used alone, an appropriate amplification
gain cannot be obtained. Thus an incident light at a
wavelength of 0.875 Um shows a significant effect on the
amplification efficiency.

In this embodiment, the 1.48 um pump light and the

0.875 Um pump light are launched into the optical
waveguide from the same direction. However, they can be

launched into the optical waveguide from the opposite

directions.

(Embodiment 18)

An optical amplifier in the type of an optical
wavegulide has the same construction as that of Embodiments
16 and 17 shown in Fig. 15 except that the core and
cladding portions are made of a silica glass and also the
core portion is doped with 1 % by weight of Er3+,

Operating characteristics of the amplifier having

the above structure are studied and the following results
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are obtained. In the case of using a silica glass as a
material of the optical waveguide, the energy levels of
*S3/2, “Fosa, *Igsa, *Ii1/», and the like are excited through the
interactions among the Er’* ions when the Er’* concentration
is high. Therefore, the excitation to the ®I,;,, level can
pe effectively performed as a result of the induced
emission from any of those energy levels to the “I;;,, level
py launching the light corresponding to the former level
into the amplifier. In this embodiment, light at a
wavelength of 0.87 pm is launched simultaneously with the

1.48 pm pump light. As a consequence, an amplification gain

of 30 dB 1s obtained at a wavelength of 1.55 pm when the
1.48 pm pump power 1s 150 mW and the 0.87 pm pump power is
20 mW. If the 1.48 pm pump power is used alone, an
appropriate amplification gain cannot be obtained. Thus an
1ncident light at a wavelength of 0.87 um shows a
significant effect on the amplification efficiency.

As described above, the optical amplifiers and the
lasers of Embodiments 5 to 18 are characterized by having
first and second light sources at different wavelengths for
the pump light. In addition, the first light source is
responsible for emitting light at a wavelength
corresponding to the energy difference between the “I,;/,
level of erbium and an energy level higher than the *I;5,,
level. Therefore, as explained above, it is possible to
attain the amplification of a 1.55 pm band by the 0.98 um

pump which enables 1t to achieve a low noise amplification
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whether an i1nfrared-transparent fiber such as a fluoride
one (which 1s regarded as an improper medium by persons
skilled in the art) is used as a host of Exr3+. Hence, the
optical amplifier having the characteristics of a flat
gain with a wide amplification bandwidth and a low noise
1s obtained. The optical amplifier thus obtained can be
applied in a communication system to increase a
transmission volume thereof and to provide a
diversification of the system configuration to achiewve the
10 wide dispersion of an optical communication, the
substantial reduction in a manufacturing cost thereof, and

o0 OIl.
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What 1s claimed 1is:

1. A method for amplifying an optical signal at a wavelength

pand of 1.5 um that uses an optical amplification medium doped

3+ 3+

wilith Er

1ons, comprising a step of exciting said Er 1ons by

r—

light of at least one wavelength in a range of 0.96 um up to but

not 1including 0.98 um, where said optical amplification medium is

selected from a group of a fluoride glass, a chalcogenide glass,

a telluride glass, a halide crystal, and a lead oxide based

glass.
2 . A method as claimed in Claim 1, wherein

sald optical amplification medium is in a shape of a fiber.
3. An optical amplifier for amplifying an optical signal at a

wavelength band of 1.5 pm having an optical amplification medium

3+

doped with Er ions, wherein said optical amplification medium
1s selected from a group of a fluoride glass, a chalcogenide
glass, a telluride glass, a halide crystal, and a lead oxide

based glass, and

said ER’" ions are excited by 1light of at least one

wavelength in a range of 0.96 um up to but not including 0.98 pum.

4 . An optical amplifier as claimed in Claim 3, wherein

sald optical amplification medium is in a shape of a fiber.

5. An optical amplifier as claimed In Claim 3, further

comprising:

a light source for an excitation to *I;3, level.

6 . An optical amplification method that wuses an optical
amplifier having: an optical amplification medium doped with Er>*
ions and selected from a group of a fluoride glass, a

chalcogenide glass, a telluride glass, a halide crystal, and a

-39 _
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lead oxide based glass; a light source for exciting said Er’*

P

1ons with an oscillation wavelength in a range of 0.96 um up to

put not 1including 0.98 um; and a light source for an excitation
to “I;3,, level, comprising steps of: launching pump  light,
which 1s emitted 1n the same direction as that of launching a

signal light 1nto said optical amplification medium from said

light source for exciting said Er’® ions with an oscillation

wavelength 1n a range of 0.96 um up to but not including 0.98 um,

1nto said optical amplification medium; and

launching light, which 1s emitted in an opposite direction

of said pump light, from said light source for an excitation to

*I,3,» level into said optical amplification medium.

7. An optical amplification method as c¢laimed in Claim 6,

wherein

salid optical amplification medium is in a shape of a fiber.

8 . A laser having an optical amplification medium doped with

3 . : — : : :
Er’" ions and a pump 1light source for an excitation of said

optical amplification medium and using an induced emission of

4 -

_211/2 level to %

3+ - -
Ti5/, level, wherein

ions from

"
B

sald pump light source 1includes at least a first 1light
source and a second light source, which emit light at different

wavelengths, and

salid first light source 1is provided as a light source for

emlitting light at a wavelength

4::13/2 level of said

corresponding to an energy difference between

Er'* ions and an energy level higher than said 4113/2 level to

4

promote an 1nduced relaxation to I3/, level of said Er>* ions.

9. A laser as claimed i1n Claim 8, wherein
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sald first light source is provided as a 'light source for

emitting light at a wavelength

corresponding to an energy difference between I 5, level and one
energy level selected from a group of ‘I, level, ‘Iy, level,

4F9/2 level, and 483/?_ level of said Er3+ ions.
10. A laser as claimed in Claim 8, wherein

sald second light source is provided as a light source for
emitting 1light at a wavelength corresponding to an enerqgy
difference between ‘I ;5;; level and one energy level selected from

a group of ‘I ;;; level and %Fy/; level of said Er®*, ions.

1. A laser as claimed in Claim 8, further comprising a third

light source, wherein

said first 1light source is provided as a light source f or
emitting 1light at a wavelength corresponding to an energy
difference between °Ij3, level and %S3/,, level of said Er® ions:

and

salid second light source is provided as a light source for
emitting light at a wavelength corresponding to an energy

difference between ‘Iys;, level and * ;;,, level of said Er® ions:

and

sald third light source is provided as a light source for
emitting light at a wavelength corresponding to an energy

difference between *I 5, level and ‘I35, level of said Er® ions.

12. A laser as claimed in Claim 8, wherein

sald first light source is provided as a light source for

emitting light at a wavelength of 0.82 um to 0.88 um; and

sald second light source 1s provided as a light source for

emitting light at a wavelength of 0.96 Hm up to but not including
0.98 um.

- 4] -




CA 02207051 2000-04-25

13. A laser as claimed in Claim 8, wherein

said optical amplification medium doped with Er’* ions is
selected from a group of a fluoride fiber doped with Er3" ions, a
chalcogenide fiber doped with ER®' ions, a telluride fiber doped

with Er’* ions, and a halide crystal doped with Er** ions.
14. An optical amplifier at least comprising:
an optical amplification medium doped with Er’* ions;

means for inducing and isolating signal 1light at a

wavelength of 1.5 pum into said optical amplification medium; and

a pump light source for the exaltation of said optical

amplification medium, wherein

sald pump light source includes at 1least a first light

source and a second light source, which emit light at different

wavelengths, and

sald first light source is provided as a light source for

emltting light at a wavelength

corresponding to an energy difference between the ‘I3, level of
said Er’ ions and an energy level higher than said I s, level to

promote an induced relaxation to ‘I3, level of said Er3' ions.
15. An optical amplifier as claimed in Claim 14, wherein

sald first 1light source is provided as a light source for

emitting light at a wavelength

corresponding to an energy difference between ‘I 3, level and one
energy level selected from a group of ‘I, level, ‘Iy, level,

'Fo/2 level, and ?Ss/,, level of said Er® ions.
16. An optical amplifier as claimed in Claim 14, wherein

sald second light source is provided as a 1ight source for

emitting light at a wavelength
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corresponding to an enerqgy difference between *I.5/» level and one
energy level selected from a group of “I;i level and *Fy/ level

of said Er’* ions.

17. An optical amplifier as claimed 1in Claim 14, further

comprising a third light source, whereiln

said first light source 1is provided as a light source for

emitting 1light at a wavelength corresponding to an energy

difference between 4113/2 level and 483/2 level of said Er’' ions to

4::13/2 level Er3+ 10ons.

promote an induced relaxation to

said second lignt source 1is provided as a light source for

emitting light at a wavelength

*I,5,» level and

corresponding to an energy difference between

4] 3+

(1172 level of said Er’" 1ions; and

said third 1light source 1is provided as a light source for

emitting light at a wavelength

4
lig5/2 level and

corresponding to an energy difference between

“I15/2 level of said Er’" ions.
18. An optical amplifier as claimed in Claim 14, whereiln

said first light source 1s provided as a light source for

emitting light at a wavelength of 0.82 pm

to 0.88 um; and

said second light source 1is provided as a light source for
emitting light at a wavelength of 0.96 um up to but not including

0.98 pm.

19. An optical amplifier as claimed in Claim 14, whereiln

said second light source is provided as a light source for

emitting light at a wavelength
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corresponding to an energy difference between *I,5,» level of said

Er’*t ions.
20. An optical amplifier as claimed in Claim 14, whereiln

said optical amplification medium doped with Er’t ions is

3+

selected from a group of a fluoride fiber doped with Er”" ions, a

3+

chalcogenide fiber doped with Er®" 1ons, a telluride fiber doped

with Er®* ions, and a halide crystal doped with Er’" ions.

21. An optical amplifier that uses Er’* ions as amplification

active elements, comprising:

means for launching at least one light at a wavelength

corresponding to an energy difference between °“Ii5;, level and

I+

4111/2 level of said Erxr ions, at least one light at a wavelength

“I:s/» level and an

corresponding to an energy difference between

3+

energy level higher than said %Iy, level of said Er’" ions, and

at least one 1light to be amplified by an 1induced emission

‘I13/» level to “I;s;, level into an amplification

transition from

3+

medium doped with said Er”" ions from the same direction.

22. An optical amplifier as claimed in claim 21, wherein

light at a wavelength different from said light to be

amplified and corresponding to an energy difference between the

3+

‘1.5, level and “Iis;; level of said Er®' ions is launched into

said amplification medium from a direction different from said

same direction.

23. An optical amplification method that uses Er’* ions as

pr—

amplification active elements, comprising a step of launching

light at a wavelength corresponding to an energy difference

4]215/2 level and 4111/2 level of said Er’' ions, light at a

between

wavelength corresponding to an energy difference between %S/,

level and %I 3 level of said Er’® ions to promote an induced

3+

relaxation to I3, level of said Er ions, and light to be
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*I.5/2 level to

amplified by an induced emission transition from

*I.5/» level into an amplification medium doped with said Er’* ions

from the same direction.

24. An optical amplification method as c¢laimed in Claim 23,

wherein

light at a wavelength different from said 1light to be

amplified and corresponding to an energy difference between the

4 -

I,5» level of said Er’*

*I.5/2 level and ions is launched into

said amplification medium from a direction different from said

same dilirection.

25. An optical amplification method that uses Er’" ions as

amplification active elements, comprising a step of launching

light at a wavelength of 0.82 um to 0.88 um to promote an 1induced

4 -

i pu . —_.3
I.3/» level of said Exr’’

relaxation from “S;,, level to ions, light
at a wavelength of 0.96 um up to but not including 0.98 um, and
light to be amplified by an induced emission transition from
‘1,32 level to *I;s,», level into an amplification medium doped with

said Ere’ ions from the same direction.
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